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Abstract
In this thesis, the possibility of enhancing the efficiency of small molecule organic
light-emitting diodes through spin-orbit effects is examined.
Because only singlet spin states, statistically one quarter of the total possible
states, emit fluorescent light, it has generally been thought that a maximum of 25%
efficiency could be attained without the addition of an emissive phosphor. Here, we
present evidence that this is not a fundamental limit.
Two OLED structures have been studied, each providing evidence that the effi-
ciency of the OLED can be enhanced by the use of a heavy-metal material to mix
spin in charge-transfer states. A structure with a heavy-metal mixing layer placed
beside a neat emissive layer was found to show a (2.5 ± 0.3) times enhancement in the
efficiency compared with an OLED without the heavy-metal layer. However, differ-
ences in the electroluminescent emission spectra made attributing this result to spin
statistics alone difficult. In a structure with the the heavy-metal mixing layer placed
next to a fluorescent dye doped into a host, a (2.7 ± 0.2) times enhancement in the
efficiency is measured.
Thesis Supervisor: Marc A. Baldo
Title: Assistant Professor
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Chapter 1
Introduction
One need only look at the recent density of journal citations, conference presentations,
or faculty hires to notice the nascent revolution in organic electronics. While the past
50 years of electronics have been dominated by silicon materials, the latest boom is
taking a step in another direction. Potentially huge payoffs loom - electronics based
on organic materials could well slash the costs of fabricating and operating solid-state
lighting and provide enticing possibilities of flexible electronics.
But there's more to this new technology than a flat-panel TV in every pot; organic
electronics also provide a mine of interesting scientific questions and new regimes
in which to probe them. The complicated molecules in organic materials present
anything but a clean system for experimentation; the fundamental theories for these
materials are a far cry from the precision of atomic physics, try as we might to adapt
them.
Much of this thesis will be spent discussing spin statistics in the formation of
singlet and triplet excited states of an electron-hole pair in small molecule organic
light emitting devices. First, we will give a quick overview of organic LEDs, explaining
their basic functionality and use. Next, the science behind the technology will be
discussed, with a focus on fluorescence and phosphorescence mechanisms followed by
a discussion of how the science affects the technology itself, namely in setting the
efficiency. Then, experimental data demonstrating ways to modulate and increase
the efficiency, based on the fundamental science in the system, will be presented,
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before a final retrospective look at the work completed.
1.1 Organic LEDs
How does an organic LED function? One simple way to understand an organic light-
emitting diode is to first consider a more traditional semiconductor light-emitting
diode and then analogize. In solids, the energy levels are formed in bands; the highest
filled band is called the valence band, and the lowest unfilled band is called the
conduction band. In semiconductors, the gap between the two is not too large, about
1 eV, and it is possible to excite an electron into the conduction band.
If the semiconductor is doped, then its charge balance will be uneven. If the dopant
atoms provide extra electrons, the material is n-type with electrons in the conduction
level, and if it provides extra holes (the absence of an electron, which we can think of
as a positive particle), it is called ptype and has holes in its valence band. If we put
p and n type materials next to each other, electrons in the conduction band of the
n-type material and holes in the valence band of the p-type material will recombine
(Figure 1-1). If the gap of the material is chosen correctly, this recombination can
generate a narrow band of light in the visible when forward biased (with cathode on
the n-type material and current flowing from anode to cathode).
(_m
Figure 1-1: A schematic taken of a light-emitting diode. The right side is n-type; the
left side is p-type. At the junction, electrons and holes recombine to emit light.
Now, we can take this basic model and apply it to organic materials with a few
14
key modifications. First, in organic materials electrons are not free, but bound in
molecules. Fortunately, though, for the most part, it is only the outer orbitals (molec-
ular orbitals that can be thought of as linear combinations of atomic orbitals) of a
molecule that influence its optical and electronic properties. The highest occupied
molecular orbital (HOMO) in a molecule acts quite similarly to a valence band; the
lowest unoccupied molecular orbital (LUMO) acts similarly to the conduction band.
Similarly to the situation in semiconductors, electrons in organics are carried in the
LUMO and holes in the HOMO.
How do we drive electrons across a device? Instead of using a p - n junction, we
can use a heterostructure (first done by Tang and VanSlyke[40] in 1987) in which a
material that transports holes well is placed next to a material that transports elec-
trons well. Electrons are injected via a metallic cathode into the electron-transport
layer (ETL) and holes from an anode into the hole-transporting layer (HTL). As-
sisted by the voltage applied across the device, electrons and holes are driven to the
junction of the heterostructure, where it becomes energetically unfavorable for them
to continue their voyage. The situation is again analogous to LEDs, and the carriers
recombine and emit light (Figure 1-2).
But there is a difference in the recombination processes of LEDs and OLEDs;
in organic materials, electrons and holes remain associated with molecules. As an
electron in the HOMO and hole in the LUMO approach each other by various transfer
processes, they begin to feel each other's presence and form a bound state, called an
exciton. When this state exists across more than one molecule, it is known as a
charge-transfer exciton (Figure 1-3). As the electron and hole continue to approach,
the exciton transfers to a deeper bound intramolecular exciton, also called a Frenkel
exciton. From this deeply bound state, the exciton can drop down to the ground
state and emit fluorescent light.
Why are OLEDs potentially better than LEDs, or for that matter other types
of lighting like liquid crystal displays or incandescent lights? Among their many
advantages, organic LEDs are relatively easy to fabricate, operate at low voltage,
consume relatively little power, and can be made extremely thin. Optimization of
15
Vacuum Level
Figure 1-2: Basic schematic of a heterostructure OLED. Electrons and holes pile up
at the junction of the heterostructure where they recombine, forming excitons that
then decay and emit light. From [23].
OLEDs has the potential to significantly impact the lighting industry; already, it has
made a dent, and commercial OLED products are widely available.
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Figure 1-3: Model of exciton formation via separated charges then charge-transfer
singlet and triplet states (in the encounter complex"). Rates for each step are
indicated on the figure; the rate kmix shall be discussed in further detail in subsequent
chapters. From [3].
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Chapter 2
Physics of Two-Electron Systems
2.1 Spin in Two-Electron Systems
Since it is the bound electron-hole pair, or exciton, that is involved in the emission
of light in an OLED, it is important that we understand the physics of such systems.
We analogize with a discussion of spin in systems with two electrons (similar to the
electron in the HOMO and a hole in the LUMO), as spin determines how light is
emitted from the system. This section follows references [18, 16, 34, 4].
Spin statistics tell us that electrons, as spin-1/2 particles, are fermions, which
have total wavefunctions that are antisymmetric under particle exchange; that is:
(Tr, 2) = - (r2 , r) (2.1)
The total electron wavefunction can be written as the product of the spatial and
spin wavefunctions, (r1, r 2) and X respectively. Because the total wavefimnction
must be antisymmetric, there are two possible combinations of symmetry: 1) the
spatial wavefunction is symmetric and then spin wavefunction is antisymmetric or 2)
the spatial wavefiulction is antisymmetric and the spin wavefunction is symmetric.
Now, let's consider the possible forms of the excited state spin wavefunction. The
rules for addition of angular momentum tell us that for two spin-1/2 particles (each
of which can individually be either spin up or spin down), the total spin may take on
19
integral values from sl - s 2 to s1 + S2, so either 0 or 1.
There are three possible ways to form a spin-one wavefunction, all symmetric
under exchange:
x =T (1) T (2)
X= ((T (1)1(2)+ (1)T(2))
X =1 (1) 1 (2) (2.2)
These are called the triplet states, they have quantum numbers m8 = 1, 0, and -1
respectively.
There is only one way to compose the singlet s = 0 (and m8 = 0) state:
= 1 (T (1) (2)- () (2))
v2
(2.3)
Different symmetries of the spatial wavefunction also have implications. For a
symmetric and antisymmetric two-electron spatial wavefunction O+ and A_, the in-
teractions between the two electrons split them into two states with different energies;
eigenenergies resulting from the interactions are:
e2
E+ = (0+ 1 +>
- 4 (eo{{a (1) b (2) + b (1) a (2)}1
=J+K
e
2 1 1
12
=4 (e {a (1) b (2)-b(1) a (2)} 
=J-K
1 a (1) b )a(2)})
={a (1) b (2)-b (1) a (2)})
(2.4)
where a and b are the individual electron spatial wavefunctions and J and K are
20
the 'Coulomb' and 'exchange' integrals defined as:
e2 1
J= 4r (a (1) b (2) a (1)b(2))
K= 4e (a(1)b(2) a (2)b(1)) (2.5)
The electrons tend to be farther apart in an antisymmetric spatial configuration,
so the energy of the antisymmetric spatial state (and symmetric triplet spin state) is
lowered by a factor of 2K relative to the symmetric spatial state (and antisymmetric
spin singlet state). This lowering will be important to the energetics and rates of
transition for any operator that couples the two spin states.
Additionally, the triplet states can be split by the applying a magnetic field (the
Zeeman effect).
2.2 Fluorescence and Phosphorescence
This section follows references [41, 4, 16]. To determine which types of two-electron
states can emit radiation, we consider the dipole moment of the electron. For two
states i and k, the transition dipole moment (the square of which is proportional to
the transition probability) is:
Iik = e(4i (r) I ¢k (r)) (2.6)
For a two-electron system, the dipole moment is:
NIik = e(0i (rl, r 2) (rl - r 2)1 |'k (rl, r2)) (2.7)
The dipole moment should not change under exchange of two electrons, so only
states of the same spatial symmetry can be coupled. Because of total wavefunction
symmetry requirements, the spin symmetry of the wavefulction mlust also remain the
same during a transition. The selection rule for spin is then AS = 0.
The ground state of a molecule, as set by the Pauli principle, consists of orbitals
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with paired electrons; therefore, it is a singlet state (S). Accordingly, the only
transitions that can be made to the ground state are from excited singlets Sl; such
transitions are called fluorescent and can be readily observed. Transitions from the
excited triplet state T1 to the ground state are forbidden by the spin selection rule.
But what happens when our initial excited state is not a well defined singlet?
What if it also has some component of the triplet state? We can write this as
= XS1 + AXT1 (2.8)
where A is a parameter characterizing the mixing between triplet and singlet configu-
rations. Following [41], from non-degenerate perturbation theory, we can approximate
the mixing parameter
A- ('a HI fb) (2.9)
Ea- Eb
where a and !b are the states being mixed and Ea and Eb are their energies. The
likelihood of observing a spin transition will be proportional to the square of this
parameter.
So for some interaction Hamiltonian that mixes the two states, as long as the
energy separation between the states is not too large, a noticeable mixing can be
observed, weakly allowing (with a relatively long lifetime) the forbidden excited triplet
to ground state singlet transition. Similarly, the singlet excited state can drop down
in energy to the excited triplet state as a result of this mixing, a phenomenon known
as intersystem crossing.
What does process does this mixing correspond to physically? There are many
interactions that have the capability to mix spin states, among them spin-orbit cou-
pling, spin-lattice coupling, and hyperfine coupling. For the systems we are interested
in, spin-orbit coupling is the most significant.
22
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aS -rssing (ISC)
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Fluorescence
cJ 5 Phosphorescence
So
Molecular ground state
Figure 2-1: A schematic of intersystem crossing. Spin-orbit coupling allows forbidden
transitions from the S1 to T1 state, followed by phosphorescence to the So state. From
[4].
2.3 Spin-Orbit Coupling
Spin-orbit coupling, arising from a field produced by the relative motion of electron
and charged nucleus, is one of the many physical mechanisms that contribute to the
complex spectral structure of atoms and molecules. But spin-orbit coupling does
more than produce a pretty picture of line splittings. It is the spin-orbit interaction
that allows mixing between singlet and triplet states - allowing the modulation of
fluorescent and phosphorescent emission in OLEDs. And it is the quartic dependence
of this interaction on the atomic number that allows us to strengthen the interaction
through use of a heavy metal-containing molecule.
In this chapter, spin-orbit coupling will be described, from its simplest manifes-
tation in the hydrogen atom, to the more complicated interaction in two-electron
systems, including those surrounded by heavy metals.
2.3.1 Spin-Orbit Coupling in Hydrogen
The simplest example of spin-orbit coupling, and accordingly the textbook example
learned by students in quantum mechanics classes, is in the hydrogen atom. This
23
section closely follows [1, 17, 2].
In hydrogen, spin-orbit coupling comprises one component of the fine structure
- a set of corrections to the Bohr model that arise from relativistic effects. (The
other components are labeled kinetic, referring to the correction between the classical
and relativistic energies; and the Darwin term, which accounts for fluctuations in the
electron's position of the same order as the Compton wavelength.)
In the reference frame of the electron, there is a motional magnetic field resulting
from the proton, in SI units:
v v x -_(r)Bmot = E x -V() (2.10)
C2 c2
where 0(r) is the Coulombic potential from the nuclear charge, B is the magnetic
field, E is the electric field, v is the velocity, r is the radius, and c is the speed of
light.
Because the Coulombic potential is isotropic, V = r . The motional magnetic
field simplifies to:
1 db
Bmot =r X V (2.11)
rc2 dr
Rewriting this in terms of the angular momentum, I = r x p = mer x v, where
1 is the angular momentum, p is the momentum, and me is the mass of the electron,
and v is the velocity, gives
Bmot = dr 1 (2.12)
merc2 dr
For the Coulomb potential, = o is SI units, where e is the charge of the
electron, and eO is the permittivity of free space (note that this scales with Z for
point charges of magnitude Ze),
e
Brnot = 1 (2.13)
47rEOrn c2 tr3
To find the spin-orbit interaction, we need to find the Hamiltonian, H = -4Bmot,
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where /~ is the magnetic moment of the electron. The magnetic moment is propor-
tional to the spin, = - 2egs (which can be derived from the classical description
of orbital angular momentum, along with the addition of a factor of two because of
Thomas precession), and we approximate g for the electron as 2. This gives us the
interaction:
Ze 2H= s1 (2.14)
87reom2c2r3
This interaction is more succinctly written
H= (r)l .s (2.15)
where ((r) = 1,8; 2r3 For hydrogenic orbitals, the expectation of r- 3 goes like Z3:
Z3(r3) = (2.16) n al (I + ) ( + 1)
where ao = 4mf2 is the Bohr radius, and n and 1 are the principal and angular
momentum quantum numbers, respectively, such that we can write
a 2RHZ4H - (2.17)
n31 + ) (1 + 1) (2.17)
with the fine structure constant, a = e4o , and the Rydberg constant RH = e
With these relations, we find that the spin-orbit Hamiltonian scales like the fourth
power of the mass number Z, meaning that the relative strength of the spin orbit
coupling is much stronger in heavier atoms and molecules.
2.3.2 Changes in Spin Multiplicity via Spin-Orbit Coupling
When two electrons are involved in our system, we find that each has a spin-orbit
term. Following [2], we can sum their contributions to the Hamiltonian:
2
H8o = (ilisi (2.18)i=l
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This can be written as a sum of the s1 + s2 and the sl - 82 operators:
1 1
HSo - (1il1 + 212) (1 + S2) + 2 (11l - 212) (Sl - S2) (2.19)2 2
Since sl + s2 commutes with the total spin operator S2, it preserves the total
spin. On the other hand, Si - s2 allows transitions between spin states.
For example, for the z-component of spin-orbit coupling:
(slz - 2z) 10, 0) = h1, 0) (2.20)
so that there is a coupling between the 0, 0) and 1, 0) states:
h(1, OHsol0, 0) = (1llz - 212z) (2.21)
2
meaning that it is possible to convert spin singlets into spin triplets and vice versa.
Overall angular momentum must be conserved in a transition, so by coupling the
orbital and spin angular momenta, we make possible a spin transition.
The possibility for a spin-flip can also be described visually as in [41], through
spin cones, with the spin vectors from the two electrons either in phase (for triplets)
or 180 degrees out of phase (for singlets).
A
St SI
Figure 2-2: A schematic of a spin change. The two electrons feel different magnetic
fields, causing the electron represented by the lower part of the cone to precess about
the z axis at a faster rate, allowing the transition from triplet to singlet. From [41].
Because spin-orbit coupling represents an internal magnetic field, the spin pre-
cesses about this field at a constant tipping angle, in accordance with the classical
picture of anlgular momentum and torque. We can define the field to point in the
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I direction. Then the spin vector precesses about the field at the Larmor frequency
QL = -yB, where y is the gyromagnetic ratio, and B is the magnitude of the field -
this precession depends on the field.
But the internal field seen by the two electrons varies because they are spatially
separated; they precess about the field with different rates, meaning that there is
a relative dephasing. Following Figure 2-2, a spin triplet in the To (triplet with
m, = 0) state is transformed into a spin singlet after a relative phase difference of
7r is accumulated between the two spins. In the absence of an external field, the
zero-field splitting separating the three triplet states is small, and we can think of the
triplet states as degenerate.
The spin dephasing allowed through the spin-orbit coupling cannot be reproduced
with a uniform external magnetic field: it is the spatial variation that allows phase
differences to accumulate and transform spin states. The application of an external
field, would however, split the three triplet states (the Zeeman effect).
27
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Chapter 3
Efficiency in Organic LEDs
3.1 Factors Influencing Efficiency
For organic LEDs to be a viable technology, they must demonstrate high efficiency.
It's worthwhile, then, to examine the factors that influence efficiency and look at
which ones can be easily increased.
The electroluminescent efficiency can be thought of most simply as the amount
of light emitted divided by the current fed into the device to produce electrons and
holes. This efficiency can be written as the product of four major factors:
GEL = '/YflXs?out (3.1)
where rlf is the efficiency of fluorescent radiation from the S state to the So state;
y is the fraction of injected charges that form excitons, Xs is the fraction of excitons
formed in the singlet state, and Trout is the fraction of light coupled out of the device.
A detailed look at each of these contributors can be found in [32].
The outcoupling efficiency, lot, is the result of internal reflection and absorption
that prevents radiation from exiting the device and entering a detector (Figure 3-
1). This is given in [4] as approximately 20 percent. Aligning the emitting dipoles
inplane and shifting the recombination zone to an optimal location have been found
to improve the outcoulpling; it is cited in [32] as being as high as 50 percent in some
29
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Figure 3-1: A schematic showing efficiency losses due to waveguiding inside the device.
Indium tin oxide (ITO) is used as the conductive anode. From [32].
cases.
The fluorescent efficiency rift measures how effectively excited singlets emit light
compared with loss to nonradiative processes. By optimizing the material, this effi-
ciency can be made quite high [4, 32, 28].
The fraction of injected charges that form excitons, y, can be made close to unity
through the use of multiple layer devices that prevent electrons and holes from leaking
across the device without recombining.
Finally, we are left with the singlet fraction X,.
3.2 Measurements of the Singlet Fraction in Small
Molecule and Polymer OLEDs
Elementary spin statistics point to X being 25% because singlets account for one
quarter of the possible spin states. This has been verified and is generally accepted
in small molecule enitters[7] though this thesis will look at whether it is possible
to modulate this quantity in the presence of a spin mixer. Much more contro-
versial have been measurements on polymer organic LEDs, discovered in 1990[14].
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Indirect measurements of Xs for polymers were first found to exceed 25% percent
and approach 50%[15] in 1999. Since others[44], have found similar results, some
by more direct measurements[43] of Xs, though the result has not been universally
reproducible[38] and some of the techniques used to make these determinations have
been questioned[38, 30].
Theoretical and experimental work has shown that such a high value of Xs in
polymers is possible[13, 26, 22, 25, 39, 45, 11, 27], though the justification varies from
author to author, and even paper to paper by the same author. One oft-suggested
possibility is that the singlet and triplet states, either excitons[13, 22] or charge-
transfer states[27, 28, 26], might be separated by a small enough exchange splitting
that the reverse intersystem crossing kTs from the triplet state to the singlet state
might not be hampered too much by energetics (because kTs = ksTe kT where AE
is the splitting, T is the temperature and k is Boltzmann's constant). If the transition
out of the associated singlet state (either charge-transfer or exciton) happens relatively
quickly compared with transitions out of the associated triplet state, then this would
allow Xs to exceed 0.25. In [26], the CT singlet-triplet separation was measured to
be 3-6 meV, less than kT, for ladder-type polymers.
A larger rate of transition for singlet states than triplet states is consistent with a
larger formation cross-section for singlets, which was predicted theoretically[11, 39].
It has also been suggested[11] that the closer the singlet CT state is to the singlet
exciton, the higher the singlet exciton formation rate will be compared to the triplet
formation rate, allowing the possibility of Xs exceeding 0.25 with the addition a mixing
element. The singlet CT state is close to the singlet exciton in long-chain polymers in
which Xs has been measured above 0.25, according to [27, 11], while small molecules
that show Xs 0.25[11] have a larger energy difference between singlet CT state and
exciton.
Other suggested explanations include that a better match between the ionic char-
acter of singlet CT and exciton states than of triplets leads to faster singlet exciton
formation[25, 45] or that for large exchange energy, a phonon bottleneck slows the
formation of triplet excitons[22]. However, as noted in [3], a difference in formation
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rates alone cannot change Xs; there must also be a mixing element between singlets
and triplets to make use of the advantageous relative formation rates. [33] cautions
that such a mixing element necessary for nonzero kT is not inherently available in all
systems and must perhaps be induced by means of a heavy-atom element and more-
over questions the validity of the result in [44] because the system lacked a mixer
(systems in [43] did, however, include such a mixer, [33] notes).
3.3 Triplet Harvesting
Regardless of the value of Xs, however, it is possible to attain a higher luminescent
efficiency from OLEDs by employing a phosphor doped into the emissive layer to
harvest triplets from which no light would otherwise be produced [8]. Because of
intersystem crossing, singlets formed on the fluorescent material will also transfer to
the phosphor and emit via phosphorescence.
3.4 Sensitized Fluorescence
Additionally, a phosphor can be used to allow a fluorescent dye to emit both singlet
and triplet excitons by doping a both a fluorescent dye and a phosphor into the
emissive layer. In this process, called sensitized fluorescence (Figure 3-2) triplet
excitons formed on the host and transferred to the phosphor by intersystem coupling
can then transfer to a fluorescent dye where they emit fluorescence. This mechanism
has been tested by measuring the lifetime of the fluorescent light; it was found to
track with the much longer lifetime of the phosphor rather than the much shorter
fluorescent lifetime[10].
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Figure 3-2: Diagram demonstrating pathway for sensitized fluorescence. From [10].
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Chapter 4
Experimental Methods
In the experiments described in the next sections of this thesis, a few key experimental
methods are used; the basic methods are described here. Thermal evaporation is
used to deposit organic thin films; photoluminescence and electroluminescence are
measured for organic LEDs made from these thin films.
4.1 Thermal Evaporation
Thin films of organic materials are deposited onto a glass substrate via the method of
thermal evaporation (Figure 4-1). The materials to be deposited are placed inside a
vacuum chamber operated with a base pressure of 10- 7 torr. The chamber is pumped
by the combination of a turbo pump and a cryo pump. The materials are placed inside
the chamber inside heat-resistant metal boats. At low pressure, a voltage is applied
across the resistive boat, heating the material inside until it begins to evaporate at a
slow and controlled rate on the order of 1A per second. The substrate is held in place
at the top of the chamber in a direct path of the source boat such that the material
evaporates onto it.
The thickness of the layer and accordingly the rate of deposition are controlled by
a, quartz crystal microbalance. The piezoelectric crystal is driven by all AC current at
its resonant frequency. which causes the crystal to oscillate. The resonant frequency
can be mneasured with great sensitivity; this frequency will change according to the
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Sauerbrey equation[35] as mass is deposited onto the active area of the crystal:
Af = -fAmA (4.1)
where f is the crystal frequency, fo is the resonant frequency, Am is the added mass,
A is the active area, and C is a constant dependent on the crystal.
The substrates are fabricated on glass slides precoated with 1600A-thick layers
of transparent and conductive indium tin oxide (ITO). The ITO surface is solvent-
cleaned and then exposed to ozone and UV radiation for 5 minutes. To planarize the
ITO, poly(3,4 ethylenedioxythiophene):poly(4-styrenesulphonate) (PEDOT:PSS) is
spun onto its surface and baked at 115 C for a minimum of 30 minutes.
_
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Vacuum pump
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Crystal Thickness
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'I I
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Figure 4-1: A schematic of the thermal evaporation system. Material form the bottom
of a chamber is heated by applying a voltage to its resistive container. A quartz crystal
microbalance measures the deposition rate and thickness.
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4.2 Photoluminescence
Organic films
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Figure 4-2: Block diagram of photoluminescence measurement. Adapted from [38]
Photolum Inescence
nl
Figure 4-3: Laser light is absorbed into the S1 state. In the presence of a mixing
element, intersystem crossing takes place, followed by phosphorescence. Diagram
labels rates of radiative and nonradiative transitions originating from the S1 state.
N designates the efficiency. From [43].
In photoluminescence, light, in this case a 408 nm laser, is directed onto a set of
organic thin film layers deposited on glass (Figure 4-2). The light is absorbed directly
into the S1 excited state and then decays back to the So state. emitting light that
is measured by a photodiode coupled to a spectrophotoineter with a monochromator
37
I--
and cooled CCD. In the presence of a mixing phosphor, intersystem crossing from the
S1 to the T1 state can occur, followed by phosphorescence that will also be measured
(Figure 4-3). To avoid measuring the laser pump itself, a filter is placed in front of
the photodiode to screen out light of the pump wavelength (which differs from the
wavelength we are interested in measuring).
4.3 Electroluminescence
hoton leaving the film®
Anode
Hole-
injection
0
Recombination0
aGtiode
- Electron
injection0
Figure 4-4: Basic diagram of electroluminscence showing charge injection, charge
transport, recombination, exciton formation, and emission. From[36].
In electroluminescence (EL), charges, rather than photons as in PL, eventually
produce the excitons. Charges (holes from the anode and electrons from the cathode)
are injected by tunneling and thermionic emission[37]. They are then transported
from molecule to molecule by hopping processes before they reach the junction of the
heterostructure where they are trapped and recombine, forming excitons and emitting
light (Figures 4-4, 4-5). More on charge injection and transport in OLEDs can be
found in [37, 6].
Electroluminescent efficiency is measured by scanning across voltages and record-
ing the current and light output using a parametric analyzer. A spectrum of the light
emission can taken at any voltage using the spectrophotomleter system.
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Figure 4-5: Holes are transported from the anode across the hole transport layer
(HTL); electrons are carried from the cathode across the electron transport layer
(ETL). A hole-blocking layer prevents holes from crossing into the HTL and forces
recombination to happen in the emissive layer (EML). From[24].
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Chapter 5
Generating an Efficiency
Enhancement
With the elements of the electroluminescent process now established, the challenge is
to find a way to increase the efficiency, namely through Xs, the singlet fraction. All
of our experiments are made with small molecule OLEDs, where the singlet fraction
is generally accepted to be 0.25 (as opposed to in polymer OLEDs where there have
been measurements of Xs exceeding this number).
We start with the model in Figure 5-1, which shows the relevant charge-transfer
and molecular exciton states and their rates of generation. The goal of the experi-
ments described will be to test the validity of possible paths that would increase lead
to Xs exceeding 0.25. One possible pathway requires: the rates of mixing between
CT states, ks and kT, be comparable to the rates of singlet and triplet exciton
generation, ks and kT, and either 1) ks exceeds kST or 2) ks > kT, something that
has been theoretically predicted for polymers[39, 25], but has not been tested with
such scrutiny in small molecules.
But because the end result is to increase fluorescent emission, we also want to
minimize ksc, which results in a relative increase in phosphorescent emission com-
pared to fluorescent emission. This seems to be at odds with the requirement that
kTs, be non-negligible however, because CT states form with the electron and hole
nmuch farther apart than in the exciton, it may be possible to spatially separate the
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Figure 5-1: A model describing the formation of excitons in electroluminescence.
G and 3G describe the relative rates of formation for charge-transfer excitons from
uncorrelated pairs of charges; this is assumed to be determined by spin statistics.
Rates kTS and kST label the mixing rates between the CT states; depending on
the splitting of the CT state, these could be quite different. kc is the intersystem
crossing between the exciton singlet and triplet; because the exciton splitting is known
to be large in small molecules with singlet higher than triplet, the reverse process is
not relevant.
effects of a phosphor on kTS and kisc.
We then construct device structures based on this principle of trying to maintain
a large ks while minimizing kc. One such general structure is to build, from
the substrate up: anode, hole-transporting layer, emissive fluorescent layer, mixing
electron transport layer, hole blocking layer, cathode. The idea behind this structure
is that electrons would be transported from the cathode across the hole blocking
layer and mixing layer to the emissive layer, while holes would be transported from
the anode across the HTL to the emissive layer. Charge-transfer states would form
from the combination of a mixed electron in the mixing layer and holes in the emissive
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layer. With the materials chosen so that the exciton in the emissive layer has lower
energy than the exciton in the mixing layer, excitons would form in the emissive layer,
sufficiently far from the mixing phosphor to avoid a large kIsc and lower fluorescent
efficiency.
To test this possible pathway for exciton formation, we build an OLED with
indium tin oxide as the anode, 500A TPD as the HTL, 50A DCM as emissive layer,
150A FIrpic as a mixing electron transport layer, 200A BCP as the hole blocking layer,
and 12A Lithium Fluoride/1000A Aluminum as the cathode on a glass substrate.
Full chemical names and detailed structures for the organic materials can be found in
Appendix A. The DCM layer is purposefully made thin to pin down the exact location
where recombination occurs. To test whether this device structure has increased
efficiency as a result of high Xs, we compare its efficiency with that of a device in
which the 150A of FIrpic and 200i1 of BCP is instead replaced by 3501 BCP. Both
structures have the same device thickness to prevent microcavity effects[12] from
influencing the emission.
Measurements from three devices with the mixing layer give external quantum
efficiencies of (0.35 + 0.04), where the error is calculated solely from an unweighted
average of the three measurements. For three devices with the thicker ETL and no
mixing layer, the efficiency is measured to (0.141 ± 0.002). The ratio of efficiency
between the two sets of devices is then (2.5 ± 0.3), which we interpret to suggest that
Xs is the system may exceed 0.25.
5.1 Electroluminescent Spectra
To ensure that the light we measure is generated from excitons in the emissive layer,
we can measure a spectrum at a given voltage and match this to the characteristic
emission of the fluorophore. Electroluminescent spectra for devices with and without
the mixing layer peak at different wavelengths, as polar molecules are known to have
spectra, that shift depending on their local environment and concentration[9].
The spectral differences could be the result of varying contributions from two
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Figure 5-2: Current-voltage characteristics for three devices with and three devices
without a 150f mixing layer of FIrpic. The portion in which the current rises quickly
represents recombination; the high-voltage portion represents injection-limited cur-
rent.
spectral components with different local environments - one from the interface with
the phosphor, and one from the bulk of the emissive layer. Devices with a 550A thick
emissive layer, both with and without the mixing layer, produce spectra that are
redshifted relative to devices with the thinner emissive layer giving some credence to
this idea. We can then hypothesize that for devices with a mixing layer, the interfacial
spectral component is enhanced in efficiency, while the bulk component is not. It
becomes difficult, however, to discern whether the enhanced efficiency measured in
the devices with the mixer layer results from 1) an enhancement (because of a high
value of Xs) of the interfacial emission, which occurs at a different wavelength from
the bulk emission or 2) an increased fraction of emission from the interface, which
could emit more efficiently than the bulk.
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Figure 5-3: Efficiency as a function of voltage for three devices with and three devices
without a 150A mixing layer next to the emissive layer. Devices with a mixing layer
show a (2.5 ± 0.3) times greater efficiency than those without the mixing layer.
A measurement of photoluminescent spectra can shed some light on which of these
explanations might be correct. Photoluminescent spectra result from direct excita-
tion of the S state; therefore, we do not expect to Xs to vary from the statistical
limit of 0.25 with or without a mixing layer. Measurements with the same integration
time for each device show similar spectral shifts for a thin emissive layer (and identi-
cal spectra for thick emissive layers), which seem to indicate that the mixing layer's
presence increases the fraction of emission from the interface, making explanation 2)
plausible. However, the intensity of the spectra with equal emissive layer thicknesses,
measured for ilentical integration times, indicate that the photoluminescent efficiency
of devices with and without the mixing layer is the same, meaning that the efficiency
enhancement mneasured under EL might indeed be a result of explanation 1). Addi-
tionallv. the EL spectra are blueshifted from the PL spectra as we would expect from
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Figure 5-4: Electroluminescent spectra from devices with and without mixing layers,
and of thin and thick emissive layer thickness. Thicker layers redshift compared to
thinner layers; devices with a mixing layer redshift compared to those without. 'EML'
designates the emissive layer.
explanation 1), as increased Xs from the FIrpic layer would enhance emission at the
interface.
Though the evidence seems to point more to explanation 2), in which the singlet
fraction Xs exceeds 0.25 leading to enhanced interface emission and efficiency, it is
more desirable to work in a system in which spectral emission is identical in both the
more efficient device and the control device. Additionally, working in a system with
higher overall efficiency would make observation of an efficiency enhancement more
obvious; it is also more interesting technologically. We describe such a system in the
next chapter.
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Figure 5-5: Photoluminescent spectra for devices with and without mixing layers,
and of thin and thick emissive layer thickness. A device with a thin emissive laver
shows higher wavelength emission in a structure with a mixing layer. For a given
thickness of emissive layer, photoluminescent intensity appears to be the same with
and without a mixing layer.
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Figure 5-6: Comparison of electroluminescent and photoluminescent spectra for de-
vices with thin emissive layer. In both cases, the devices with the mixing layer
have spectra that are blueshifted compared to those without. EL spectra appear
blueshifted compared to PL spectra. Spectra are plotted with 5-point smoothing for
better resolution of PL data..
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Chapter 6
Building a Better OLED
To improve upon the device architecture of the previous chapter and clarify the cause
of the efficiency enhancement, we now change several elements of the device design.
First, rather than having a neat emissive layer of the fluorophore, we dope the flu-
orescent dye into a host at 1.6% molar concentration. This reduces the lifetime of
fluorophore, making intersystem crossing less likely. By lightly doping the host CBP
with DCM2, we also hope to avoid the spectral shifts in the previous system that
were hypothesized to come from emission at different locations within the neat emis-
sive layer. We use the combination of CBP and DCM2 because the highest occupied
molecular orbital is sufficiently deep compared to that of DCM2 that we can expect
holes to be carried and excitons to form on the DCM2, rather than the CBP host.
In this new structure, the electroluminescent spectra shown in Figure 6-1 of devices
with and without the mixing layer show a very close degree of similarity, indicating
that we have overcome the difficulties of interpreting spectral shifts faced in the
previous chapter.
As in the previous structure, we again see an enhancement in the efficiency, as
shown in Figure 6-2 for the device with the mixing layer. The device with the mixing
layer has a peak efficiency of 3.4%. The statistical average across 9 devices is measured
as (3.2 + 0.2)%, (2.7 i 0.2) times higher than that of the statistical average across six
control devices (with efficiency (1.2 + 0.1)%), and is higher than has been previously
reported for DCnI2, except through sensitized fluorescence, where it was measured to
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Figure 6-1: Electroluminescent structure and spectra of devices with (X-OLED) and
without (Control) mixing layer. In both, emission occurs primarily from DCM2, with
a center wavelength of approximately 600 nm.
be 3.3%. DCM2 doped into CBP has previously been measured to give 1% efficiency
with 1% concentration doping into CBP[10], consistent with our measurement of the
device without a mixing layer.
It is now left to interpret the reason for the efficiency enhancement. Three plau-
sible reasons are: 1) Excitons form directly on FIrpic, then both singlet and triplet
excitons transfer to DCM2 where it radiates (sensitized) fluorescence. Though ener-
getically, we expect excitons to form on DCM2, the close match between our measured
efficiency and that from sensitized fluorescence of DCM2 makes this explanation hard
to neglect without further scrutiny. 2) FIrpic transports electrons with a different mo-
bility than BCP, resulting in a change in the recombination zone location or change
in charge balance that could affect the efficiency. 3) The FIrpic layer provides an
element to mix the CT states, resulting in a singlet formation fraction much greater
than in the device without a mixing layer.
To test the first explanation, we use a streak camera to measure the lifetime of
the emission. In sensitized fluorescence. light emitted from both the phosphor and
fluorescent dye has the lifetime of the phosphor. In our device, however, emission
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Figure 6-2: The peak external quantum efficiency of the device with the mixing layer
(X-OLED) is enhanced by a factor of 2.8 relative to the device without a mixing layer
(Control) for the highest efficiency device of each type.
at the wavelengths of both FIrpic and DCM2 is measured to have a lifetime of less
than 70 ns, far less than the 25,us natural lifetime of FIrpic. The more than hundred-
fold decrease in the lifetime of FIrpic we measure is substantially more than the
previously measured[10, 42] five-fold reduction in the lifetime of Ir(ppy)3 from energy
transfer to DCM2 (and Irppy3 emits closer to the DCM2 absorption peak than FIrpic
does). In conjunction with energetic arguments, the sharp decrease in lifetime makes
it unlikely that our efficiency enhancement is attributable to sensitized fluorescence;
the more likely explanation for the low FIrpic lifetime is that FIrpic triplets are
strongly quenched.
To test the second possible explanation, we move the 150A layer of FIrpic away
from the emissive layer, placing it 100A aw-ay from the cathode and 100A away from
the emissive zone, as charge transport and balance effects for the layer should be
the same regardless of where it is placed. The large drop in efficiency to below 1%,
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Figure 6-3: Current-voltage characteristics of the X-OLED and control OLED. The
inset shows the energy level structure of the recombination interface, as measured in
[19, 20, 29], showing that DCM is expected to carry holes and FIrpic electrons.
however, means that this does not explain the high efficiency we see when the mixing
layer is placed next to the emissive layer. Additionally, as shown in Figure 6-3,
the device with the mixing layer next to the emissive layer shows higher efficiency
both where its current is higher and lower than that of the device with mixing layer
spatially removed from the emissive layer.
Finally, we are left with the possibility that the enhanced efficiency is the result
of an increase in Xs from mixing in the CT-states because of the FIrpic layer. Such
an explanation would indicate that Xs=0. 7 in this system.
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Chapter 7
Conclusions
In this thesis, two OLED structures have been examined, each providing evidence that
the efficiency of the OLED can be enhanced by the use of a heavy metal-containing
material that mixes the charge-transfer state. The neat DCM/FIrpic OLED structure
was found to show a (2.5 ± 0.3) times enhancement in the efficiency compared with an
OLED without the heavy-metal layer. However, differences in the electroluminescent
emission spectra made attributing this result to spin statistics alone a bit difficult. In
the DCM2-doped CBP emissive layer/FIrpic electron transport layer, we calculate a
(2.7 ± 0.2) times enhancement in the efficiency as compared to the structure without
the FIrpic layer; this time, the spectral data is more straightforward.
Further study of the results described in this thesis could help clarify and fur-
ther test the general model proposed in Figure 5-1 for mixing of the CT states and
minimization of the intersystem crossing to achieve high efficiency. A calculation of
the CT singlet-triplet energy splitting would help confirm or deny the hypothesis of
mixing between the CT states, as would a measurement of the relative singlet and
triplet exciton formation rates. Additionally, a measurement of the relative strength
of intersystem crossing as a function of spatial separation from emitting molecules
could be made by doping FIrpic into the DCM2:CBP emissive layer described earlier.
Based on our model, the expectation would be that intersystem crossing would domi-
nate over mixing of the CT-states, decreasing the efficiency. Similarly, a measurement
of Xs in the highly efficient DCM2:CBP/FIrpic OLED would firther support or deny
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the model proposed.
But even without these additional experiments, the results of this work indicate
the first evidence that small molecule organic LEDs might be able to exceed the
25% spin statistical limit of the singlet fraction. In turn, this work has also shown
that through breaking this limit, it is possible to enhance the efficiency of the OLED
with a heavy-metal transport layer, whereas this was previously only possible through
triplet harvesting or sensitized fluorescence with an emissive phosphor. The result
can then be seen as a significant lightening of the parameters necessary to generate
efficient OLED emission, in particular when considering that there are generally fewer
phosphors, particularly in the deep blue, with desirable emission characteristics than
there are fluorophores.
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Appendix A
OLED Materials
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Figure A-1: 4-(dicyanomethylene)-2-mllethyl-6-(p-dimlethylaminostyrl-4H-pyran
(DCM). From [31].
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Figure A-2: poly-3,4-ethylenedioxythiophene. From [31].
/ X4Db
Figure A-3: N,N'-diphenyl-N,N'-bis(3-methylphenyl)-[1,1'-biphenyl] 4,4'-diamine
(TPD). From [5].
BCP
Figure A-4: 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP). From [5].
CBP ,Lff 8 ?-$N
Figure A-5: 4,4'-N,N'-dica.rbazolyl-biphelnyl (CBP). From [5]
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Figure A-6: 2,3,7,8,12,13,17,18-octaethyl- 21H,23H-porphine platinum(II) (PtOEP).
From [24].
Figure A-7: tris-(8-hydroxyquinoline) aluminium (Alq3). From[24]
DCM2
Figure A-8: tris-([2-methyl-6- [2-(2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizin- 9-yl)
ethenyl]-4H-pyran-4-ylidene]propane-dintrile) propalle-dinitrile (DCIM2). From[9]
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iridium(III)bis[(4,6-difluorophenyl)-pyridinato-N,C 2 ]picolinate (FIrpic).
Ir(ppy) 3
Figure A-10: fac tris(2-phenylpyridine) iridium (Irppy). From [10].
Figure A-9:
From [21].
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